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ABSTRACT Values of area per lipid A ranging from 56 to 72 A2 have been reported from essentially the same SCD data from DPPC in the La
phase. The differences are due primarily to three separate binary choices in interpretation. It is argued that one particular combination is
best; this yields A = 62 ± 2 A2 for DPPC at 500C. Each preceding interpretation agrees with at least one of the three present choices and
disagrees with at least one.
INTRODUCTION
Although lipids in biomembranes undergo many fluctua-
tions and shape changes, it is ofgeneral interest to obtain
reasonably accurate measurements of the average struc-
ture of the membrane, such as the thickness of the hy-
drophobic barrier and the areaA per lipid at the aqueous
interface. One particular use forA is in computer simula-
tions, such as Monte Carlo (1) or molecular dynamics
(2); such simulations usually require choosing A in ad-
vance. Simulated properties, such as the ratio of trans to
gauche rotations or the NMR order parameters, depend
sensitively upon both A as well as upon the model Ha-
miltonian, making evaluation of the success of simula-
tions uncertain.
Measurements ofA have frequently been reported us-
ing the so-called Luzzati method (3) which involves
weighing out known amounts ofwater and lipid and de-
termining the lamellar spacing using x-ray diffraction.
This method is, at best, inaccurate, as seen by the results
for the benchmark system, fully hydrated DPPC lipid
bilayers in the La phase, where A ranges from 57.6 to
70.9 A2 (4) at 500C. At worst, this method involves sys-
tematic errors because defect regions in multilamellar
vesicles probably contain a disproportionate amount of
water, but do not contribute to the lamellar D spacing
(5), thereby overestimating the value of A, as recently
shown for L6, phase lecithins (6).
Nuclear magnetic resonance has also been used to ob-
tain A for lipids, with reported values including 58.6 A2
(7), 56 A2 (8), 69 A2 (9), and 71.7 A2 (10), covering a
range of uncertainty that is nearly identical with the
range obtained from x-ray studies. Unlike the x-ray data,
however, the NMR data used to obtain this range are
basically identical. The basic data consist ofcarbon-deu-
terium order parameters SCD for temperatures between
the main transition and 500C. All studies obtain values
in the range -0.20 ± 0.02 for SCD for carbons n = 4-8 in
the plateau region, and these experimental uncertainties
do not account for the large range in the reported values
ofA. Rather, this is due to differences in other data that
were employed with the nmr data and in the theories
used to obtain A.
The purpose of this paper is to discuss whether it is
possible to obtain a reasonably accurate value ofA from
SCD data and to estimate the probable errors. This in-
volves a careful discussion of the assumptions and mod-
els used, as well as some estimates ofquantities that have
not been measured. An alternative, purely empirical, ap-
proach has recently been advocated ( 11), but this ap-
proach relies upon the uncertainties in the x-ray determi-
nations mentioned above. While there remains some ba-
sic uncertainty in the approach of this paper, it is small
enough that useful new estimates ofA can be made.
BASIC RELATIONS
Hydrocarbon chains are very nearly tetrahedral, as
shown in Fig. 1 a. It has therefore been natural to place
the chains on a diamond lattice (7, 10). A priori the
single most likely orientation ofthe diamond lattice with
respect to the bilayer is the one shown in Fig. 1 a, and
this is the orientation that has been previously employed
because a simple formula can be obtained that does not
involve unknown parameters. It is clear, however, that a
distribution of orientations should occur for each CD2
group, as has been suggested by molecular dynamics sim-
ulations (2). Therefore, this section will allow for gen-
eral angular rotation, which is most commonly de-
scribed in terms of the three Euler angles, X, 0, and ,6
( 12), but rotation around the first Euler angle 0 does not
affect any results so it is ignored. The sketch in Fig. 1 b
shows how the other Euler angles rotate the axes. The
price to be paid for this more realistic model is that the
formula is not so simple, and it does involve unknown
parameters. Nevertheless, this is an essential step in
order to estimate the uncertainty in the result for A and
to show that the result obtained from the conventional
choice of orientation is a good approximation.
The goal of this section is to obtain a basic relation
between the CD order parameter for the nth CD2 group
K S)> and the mean distance <d)> that the chain travels
along the bilayer normal at this same CnD2 group. Both
these quantities are obtained from the z-coordinates of
the unit tetrahedral vectors shown in Fig. 1 a:
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FIGURE I The left hand figure shows the special orientation for one site of a diamond lattice with bold lines in the directions u, d, 1, and r. The
normal to the bilayer is along the z-axis. The right hand side shows the Euler angle 6 for tilting the diamond lattice away from the z-axis, with new
axes x', y', z', and the Euler angle 4' for rotation of the lattice around the new z'-axis to the final x', ye, zo orientation.
zu = p cos 0 - q sin 0 cos t1
Zd= -p cos 0 - q sin 0 cos 4'
z =
-p sin 0 sin 0 + q sin 0 cos 4J
Zr = p sin 0 sin i/ + q sin cos p, (1)
where p = (2/3)1/2 and q = (1/3)1/2 and 0 and A1 are the
Euler angles indicated in Fig. 1 b.
There are clearly six possible orientations of a CD2
group on the tetrahedron shown in Fig. 1 a, correspond-
ing to the six ways to place two D atoms on the four
bonds. Each orientation will occur with a certain proba-
bility; let us designate both the orientation and the proba-
bility as shown in Fig. 2. Because each CD2 must have
some orientation, the probabilities are normalized by
a+ b1 +b2+ b3 +b4 + c = 1.
tations ofthe CD2 group yields the average order parame-
ter, KS>
<S> = [(c - a)/2](cos2 - sin2 0 sin2 )
+ [(b1 + b2- b3 -b4)/2"/2] sin0 cos0 cos
+ [(b2 + b4 - b - b3)/2"/2] sin2 0sin cos #. (4)
Next, we consider the distance d traveled along the
bilayer normal. Clearly, for each placement ofthe deute-
riums the chain can travel in two directions, with the
distance traveled for one direction being the negative of
the distance traveled for the other. Previous studies have
assumed that only one of these directions has non-zero
(2)
It is then straightforward, if tedious, to show that the
order parameters Si are given by
Sa = (-cos2 + sin2 sin2 0)/2
SC = (+cos2 0 - sin2 0 sin2 4)/2
Sbl = sin 0 cos y6(+cos 0 - sin 0 sin 1)/21/2
Sb2 = sin 0 cos y6(+cos 0 + sin 0 sin 4,)/21/2
Sb3 = sin 0 cos 4,6(-cos 0- sin 0 sin C,)/2 1/2
Sb4 = sin 0 cos 4t(-cos 0 + sin 0 sin if')/2"'2.
a
r
(3)
Notice that Eq. 3 gives the same value for Sbi for i = 1-4
when = 0 = if', and this is the reason for grouping these
four orientations together. For general values of and A.,
it is tempting to try to reduce the number of cases using
symmetry, but there is no general symmetry. For exam-
ple, even though the probability of- Af is the same as +if,
the probabilities b, and b2 will be exchanged upon chang-
ing the sign of ifk. Summing the products of the order
parameters with the probabilities ofthe particular orien-
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FIGURE 2 The six sets of directions for the two CD bonds are labelled
a, bl, b2, b3, b4, and c. The directions u, d, 1, and r are the same as
shown in Fig. I a and this drawing is for 0 = 0 = A.
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probability, and that there is zero probability for an up-
turn, where a chain reverses direction along the bilayer
normal (9, 10, 13, 14). Let us defer discussion of this
assumption of no upturns to the next section. Using it,
one obtains for the distances traveled along the bilayer
normal
da= 2pcos6
d, = 2p sin 0 sin
dbl = p(cos 0 - sin 0 sin i) 2q sin 0 cos A
db2 = p(cos + sin 0 sin I) 2q sin 0 cos4
db3 = p(cos6 + sin sin6) + 2qsin cosi
db4 = p(cos 0 - sin 0 sin f)+ 2q sin 0 cos, (5)
where p and q are the same as in Eq. 1. Summing the
products of the distances with the probabilities of the
particular orientations ofthe CD2 groups yields the aver-
age distance Kd> per methylene group along the bilayer
normal
Kd>/ 1.27A [a + (b, + b2+ b3+ b4)/2] cos 0
+ csin 0 sin I t I
+ [(b3 + b4- b, - b2)/2"/2] sin 0 cos sl
+ [(b2 + b3- b, - b4)/2 12] sin sin ,6, (6)
where 1.27 A is the total undirected distance covered by
actual (slightly non-tetrahedral) CD2 groups ( 15).
Even with the assumption that there are no upturns,
there is no simple relation between d> and KS). How-
ever, the following exact relation will still be useful:
Kd>/ 1.27 A = (1/2) cos -S>/cos 0
+ [(a - c)/2] sin tan 0 sin2 At
+ c sin 0 sin 14,61
+ [(b2 + b3- b, - b4)/2] sin 0 sin
- [(b, + b3 - b2- b4)/21/2]
Xsin tan sinit'cos t. (7)
When 0 is set equal to zero, this somewhat daunting ex-
pression simplifies considerably to the expression
usually employed (7, 10, 13, 16):
Kd>/ 1.27 A = (1- 2S>)/2, (8)
which allows one to determine d> just from the experi-
mental CD2 order parameters KS>. It may also be noted
that Seelig and Seelig ( 14) used a slightly different for-
mula from Eq. 8, but that this was corrected in the ap-
pendix to (7).
We will now argue that the simple expression in Eq. 8
is a fairly good approximation to the full expression in
Eq. 7 for values of KS> near -0.20. First, it may be noted
that 0 can be restricted to values in the range from 0 to
35.30, because further rotations in are identical to
lesser rotations with the different configurations in Fig. 2
TABLE 1 Approximate dependence of Kd>/1.27 A upon e and +
forKS> = -0.2 and a - c = 0.4
Ksin'2 1> 0 0.25 0.50 0.75 1.0
6
00 0.700 0.700 0.700 0.700 0.700
150 0.690 0.693 0.697 0.700 0.704
300 0.664 0.678 0.693 0.707 0.722
interchanged. The first two terms on the right hand side
ofEq. 7 are quantitatively rather similar to Eq. 8, though
the sum is smaller. The factor (a -c)/2 in the third term
can be estimated from the special case 0 = 0, for which
a - c = -2 S> = 0.4, so a is at least as large as 0.4. Since
c-type orientations move in the unfavorable direction
roughly perpendicular to the bilayer normal, it is most
likely that bi > c. Since a + c + I bi = 1, the average bi
would be -0. 1-0.14 and c would be 0. 1-0.02. There-
fore, the fourth term in Eq. 7 is less than half as large as
the third term. We also note that, if very small upturns
were allowed, associated with taking the opposite direc-
tion for c-type orientations, then the fourth term would
be even smaller. As 0 and ,6 are varied from zero, the
degeneracy in the bi is split. By Eq. 5 the lengths db, and
db4 change oppositely to db2 and db3, respectively, so if
b, < b2, then b4 < b3. Therefore, the last term in Eq. 7 is
likely to be small because of the coefficient in square
brackets. Since db2 and db3 increase as increases from
zero, while db, and db4 decrease, and since the bi for
longer di should be favored, the fifth term on the right
hand side of Eq. 7 should be positive, though not as large
as the third and fourth terms due to the pairwise subtrac-
tion of the bi. It would therefore seem that one may
reasonably neglect the last three terms in Eq. 7. Doing so
leads to the results shown in Table 1. A priori sin2 4t>
might be expected to be 1/2. Molecular dynamics simula-
tions (2) suggest that sin 2 4> is less than 1/2, but not near
0, of course. The average value of 1 0 1 will certainly be
smaller than 300 since 0 is centered around 0, and 150
seems a generously large estimate. This suggests that the
most appropriate range in Table 1 is 0.693-0.697. Since
the neglected terms in Eq. 7 are positive, it seems that the
simple Eq. 8 is likely to be accurate to within a percent. It
may be emphasized, however, that if simulations were
run at appropriate values ofA and if statistics were ob-
tained for all the unknown terms in Eq. 7, then one
could use Eq. 7 to lead, in an iterated fashion, to better
values of A. In the meantime, we will use the simpler
Eq. 8.
It is essential to work with a reasonably accurate repre-
sentation of hydrocarbon chains, as will now be demon-
strated by considering an alternative formula due to De
Young and Dill (9). These authors prefer a vastly simpli-
fied model that forces the hydrocarbon chains onto a
simple cubic lattice, and they assume that the lattice has
zero tilt 0 so all bonds are either parallel or perpendicular
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TABLE 2 Uptum statistics* for A = 62 A3
Carbon number n <8 9 10 11 12 13 14
% Upturned 0 1.8 2.4 7.1 7.7 11.9 13.7
* Data provided by H. L. Scott (personal communication).
to the bilayer normal. Their parameter a in their Eq. 8 is
the same as our <d> / 1.27 A. They also use Smol = -2 SCD
so their Eq. 8 can be rewritten as
Kd>/1.27 A = (I -4<S>)/3. (9)
For KS> = -0.2, this yields a value of 0.6 for Kd>I 1.27
A, which differs by more than 15% from the more accu-
rate value given by Eq. 8 obtained using tetrahedral ge-
ometry.
NO UPTURN ASSUMPTION
The major assumption untested in the preceding section
was that there are no upturns, i.e., reversals along the
bilayer normal, for the hydrocarbon chains. This is a
standard assumption in all the preceding interpretations
of SCD data. One obvious reason is that the formula in
the preceding section becomes even more complex and
indeterminate if upturns are included. A priori, it is a
reasonable assumption that there are few upturns be-
cause an upturn leads to packing difficulties. A chain
with an upturn requires at least twice as much area at the
level of the upturn, and if it turns back down again, it
requires at least three times as much area. This creates
congestion for neighboring chains, which can only be
relieved by a large decrease in their entropy, thereby de-
creasing the probability of such an event.
Xu and Cafiso ( 17) have detected a close proximity of
some terminal methyls with the membrane interface, in-
dicating that up-turns do exist. They were not able, how-
ever, to quantitate the percentage, mentioning only that
a few percent might suffice to account for their data. It
may also be noted that their data were for sonicated uni-
lamellar vesicles which are more disordered than multi-
lamellar vesicles and would be expected to have more
upturns.
Although it is impossible to determine the amount of
upturning from any current measurements, this is an
issue that can be addressed from simulations performed
at the appropriate areas/molecule. Current Monte Carlo
simulations performed by H. L. Scott give roughly the
statistics for DMPC shown in Table 2. Not surprisingly,
the number of upturns increases towards the terminal
methyl end of the chain, with percentages that are large
enough that one would wish to modify the formula in the
preceding section for n > 10. We will not make this modi-
fication, but let it be noted that upturns will decrease
Kd> by roughly twice their percentage. More impor-
tantly, it appears that the standard assumption of few
upturns is valid for n < 8, which is in the plateau region
for the SCD order parameter.
AN INTERESTING FALLACY
As was first noted by Seelig and Seelig ( 14), the mean
length <L> of the hydrocarbon chains can be obtained
from formulae such as Eq. 8 by summing Kd(n)> over
all carbon numbers n up to the end N of the chain. The
formula for K L> has been refined by Salmon et al. ( 13)
to take account the terminal methyl and inequivalences
in the two hydrocarbon chains.
Schindler and Seelig (7) used their value of <L> to
obtain A from the volume V
AKL>= V, (10)
and V was estimated using gel phase values. Of course,
the volume of the hydrocarbon chains in the Lot phase is
larger than in the gel phase, so Thurmond et al. ( 10) used
subsequent volume measurements ( 18, 19) with their
refined formula for L> to obtain new and larger values
of A. (An additional minor refinement would be to in-
clude an extra length for the terminal methyl in the for-
mula for L> because it has an extra volume (VCH3 =
2 VCH2) which is included (10) in the calculation of V.)
This approach to obtainingA is elegantly simple. How-
ever, Eq. 10 is incorrect! The easiest way to show this is
with a simple counterexample. Fig. 3 shows one specific
conformational state of the hydrocarbon region of a bi-
layer. This particular conformational state is not meant
to represent a model of the bilayer. It is clearly too sim-
ple, with only two different chain conformations and
with sharp edges between only two regions, from 0 to L1
and from LI to L2. Nevertheless, this simple model em-
bodies an essential idea. The total volume per chain V is
just the average area, A, multiplied by the length to the
midplane, so
.~~~~~~~~
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0 2DC
FIGURE 3 A caricature showing how it is possible that the hydrocar-
bon chain volume V can be greater than A<L>. The hydrocarbon
chains are sketched as bold dark lines and the bilayer normal is horizon-
tal. The number of carbons in each chain is the same, but the more
disordered chains have total length L, compared to L2 for the longer
chains that are more ordered near the headgroups.
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calculate d> . Second, to avoid the problem of upturns,
only d> for carbons n < 9 in the plateau region will be
used. The area will be calculated using
A = VCH2/Kd). (13)
0 DC L
FIGURE 4 A caricature showing how it is possible that the hydrocar-
bon chain volume Vcan be less than A KL> ifthere is interdigitation of
the terminal methyl ends of the chains. The density of packing of
chains then requires these ends to be more ordered, contrary to the SCD
data.
V= AL2. (11)
However, the average length of a chain is
<L> = (LI + L2)/2 (12)
which is smaller than L2. Therefore, there is a contradic-
tion with Eq. 10. For this particular conformation, Eq.
10 overestimates A.
Fig. 4 shows a specific conformational state where Eq.
10 underestimates A because in this case KL> is larger
than the thickness of half the bilayer, DC/2. Which kind
of deviation from Eq. 10 prevails for the wide range of
conformations in a typical bilayer? The answer is clear
when the order parameters as a function ofcarbon posi-
tion n are compared to SCD data. For the conformation
shown in Fig. 3 there is a plateau in SCD for the halfofthe
chain closest to the headgroup, 1 < n < N12. For the
terminal methyl half of the chain, NI 2 < n < N, there is
another plateau, but corresponding to values of SCD
closer to zero since the longer chains with length L2 are
much more disordered near the terminal methyl ends. In
contrast, for the conformation shown in Fig. 4 the
plateau for NI 2 < n < N has an order parameter that is
further from zero than for 1 < n < N/ 2. Since the actual
SCD data approach zero as n approaches the terminal
methyl end N, the type ofconformation shown in Fig. 3
prevails, not the type shown in Fig. 4.
Use of VCH2 = 27.6 A3 for DPPC at 500C (4, 18) and
SCD =-0.20 yields Kd> = 0.889 A and A = 62.1 A2.
Uncertainties are estimated at ±2 A2 due to estimated
uncertainties of 1% in VCH2, of 1% in Eq. 8, and of5% in
the values ofthe experimental plateau SCD order parame-
tersat 500C (9, 13, 14).
The use of values of SCD only in the plateau region
follows from an early discussion of deGennes (20). De-
Gennes emphasized that the conservation of flow of hy-
drocarbon chains from the headgroup interface requires
a constant or plateau value of the order parameter up to
a value nc. Methylenes with n < nc are located at dis-
tances z from the headgroup where no chain termina-
tions (terminal methyls) occur. Ifthere are no upturns in
this region, then each plane perpendicular to the bilayer
normal must cross every chain just once and Eq. 13 fol-
lows. In contrast, methylenes with n > nc occupy space
beyond the ends of some of the terminal methyls and
chain termination requires that the remaining longer
chains become more disordered to fill in the area vacated
by the terminating chains as shown in Fig. 3. The exclu-
sive use of plateau values of SCD has been employed by
De Young and Dill (9) and it was mentioned by Thur-
mond et al. (10) as an alternative way to obtain A. Here
it is argued that it is by far the better way.
Previous papers differed methodologically from the
present one in at least one of three ways. The first way
was the use of gel phase volumes (7, 9) which ignore the
considerable volume expansion and thereby underesti-
mate A. The second way was the use of a simple cubic
geometry (9) instead of Eq. 8; this overestimates A. The
third was the use of average chain lengths KL> and Eq.
10 (7, 10, 16) instead of plateau values and Eq. 13; this
also overestimates A.
Finally, the new estimate for A is the basis for new
estimates for other structural quantities. In particular,
the number of water molecules nw per lipid between bi-
layers in multilamellar vesicles is given by
n =(AD/2- VL)/VW, (14)
where, for fully hydrated DPPC at 50'C, the lamellar
repeat spacing D is 67.0 A, the lipid volume VL is 1,232
A2 and the partial specific volume ofa water molecule is
30.3 A3 (4). From the present result for A, Eq. 14 yields
nw= 28.0. This is intermediate between previous esti-
mates of 23.0 and 37.7 from x-ray diffraction (see (4)).
Also, previous analysis (4) has obtained a hydrocarbon
volume Vc of884 A 3. Together with the present value of
A this yields 28.5 A for the average hydrocarbon thick-
ness 2DC ofthe DPPC bilayer at 50'C. Since the D spac-
ing is usually measured to be -67 A, this leaves 38.5 A
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RESULTS AND DISCUSSION
A better way to use the SCD order parameters to calculate
A will now be illustrated. First, Eq. 8 will be used to
1 480 Biophysical Journal Volume 64 May 1993
for the combined length of the headgroup and the water
along the bilayer normal. If each headgroup has an aver-
age length DH along the bilayer normal of 8 A (4), this in
turn leaves 22.5 A for the water space Dw between bi-
layers in multilamellar DPPC vesicles at 50°C. This
space contains only 2 (nw - n w) = 46 water molecules,
the remaining n = 5 water molecules per lipid being
mixed with the headgroups in the headgroup space.
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